The southeastern flank of Etna volcano slides into the Ionian Sea at rates of centimeters per year. The prevailing understanding is that pressurization of the magmatic system, and not gravitational forces, controls flank movement, although this has also been proposed. So far, it has not been possible to separate between these processes, because no data on offshore deformation were available until we conducted the first long-term seafloor displacement monitoring campaign from April 2016 until July 2017. Unprecedented seafloor geodetic data reveal a >4-cm slip along the offshore extension of a fault related to flank kinematics during one 8-day-long event in May 2017, while displacement on land peaked at ~4 cm at the coast. As deformation increases away from the magmatic system, the bulk of Mount Etna's present continuous deformation must be driven by gravity while being further destabilized by magma dynamics. We cannot exclude flank movement to evolve into catastrophic collapse, implying that Etna's flank movement poses a much greater hazard than previously thought. The hazard of flank collapse might be underestimated at other coastal and ocean island volcanoes, where the dynamics of submerged flanks are unknown.
INTRODUCTION
Volcanic flanks can slide in response to various internal and external forces. For example, the unbalanced weight distribution of a volcanic edifice and horizontal "pushing" due to magmatic intrusions can trigger flank spreading. Unstable flanks can fail catastrophically and result in giant landslides, such as those at the submarine slopes off Hawaii (1) (2) (3) . Catastrophic collapses of ocean island volcanoes or those built at the shoreline pose the largest threat as the sudden dis placement of large amounts of material in water can trigger tsunamis with extreme effects (4, 5) . Assessing the hazard potential of cata strophic collapse requires a profound understanding of the mecha nisms that cause flank movement, which is also crucial for the design of appropriate monitoring strategies.
Numerous hypotheses have been proposed to explain flank sliding at Mount Etna, including increases in magma pressure (6) , eruptive activity (7) , repeated dyke intrusions (8) , basement uplift (9) , gravita tional spreading (10) , gravitational reorganization (11) , gravity driven instability accelerated by inflation and/or lateral intrusions (12) , or combined magmatic inflation and continental margin in stability (13) . All hypotheses are derivatives of two basic processes capable of triggering flank instability: horizontal pushing of ascend ing magmatic intrusions or gravitational pull. These endmember mechanisms have fundamentally different hazard implications: While magma dynamics can trigger slope failures near the magma path ways (14) , gradual deepseated gravitational deformation can induce catastrophic collapse as in the cases of Mombacho (15) , Kilauea (2), other Hawaiian volcanoes (3) , and Ritter Island, Papua New Guinea (16) . The overall consensus for Etna has been that it is mainly the magnetic plumbing system that drives movement of the unstable southeastern flank, rather than gravitational or tectonic forces.
Uncertainties regarding the causes of flank sliding originate from the lack of information on the dynamics of the submarine part of Etna volcano. Onshore geodetic measurements have documented largescale continuous seaward motion at an average rate of 3 to 5 cm per year since the early 1980s (8, 10, 17, 18) , immediately evi dencing the highest rates at the coast (19, 20) . However, no informa tion on the movement of the submarine part of the flank existed before this study. Here, we document rapid deformation of Etna's offshore flank and combine the offshore measurements with onshore ground deformation. Our combined onshoreoffshore data define the dynamics of the entire volcanic flank.
Seafloor displacement measurements at Etna's submerged flank
Established satellitebased geodetic tools are not adaptable for use in the marine environment due to the opacity of seawater to electro magnetic waves. Underwater, distances can be estimated with the sound speed of water and travel time measurements between tran sponders on the seafloor. Periodic backandforth acoustic interro gations between several transponders equipped with absolute pressure sensors and arranged in a network allow continuous determination of seafloor displacement in horizontal and vertical directions within the network (21) (22) (23) . A network of five such transponders was placed on both sides of the submerged southern boundary of Etna's unstable flank (24) at a water depth of ~1200 m. Changes in distance between transponders across the fault and increases in pressure at transponders to the north of the fault indicate movement of the presumed unstable flank relative to the stable surrounding. Our seafloor network is the first to monitor an offshore strikeslip event in subcentimeter reso lution, therewith proving the feasibility of the emerging acoustic direct path ranging method to monitor volcanic flank instability.
On land, the spatial outline of the unstable flank is well defined by geodetic, geophysical, and geological methods ( Fig. 1 ): Along the northern boundary of the unstable flank, deformation focuses along the leftlateral Pernicana fault (17) . To the south, the rightlateral Tremestieri and Acitrezza (ATF) fault systems accommodate most of the flank movement (17, 25) . Off the coast, the Riposto Ridge forms the prolongation of the northern boundary. In distal direction, two anticlines observed in seismic reflection data mark the seaward termination of the unstable volcanic flank ( Fig. 1) (24) . To the south, a rightlateral transpressive fault north of Catania Canyon, interpreted as the offshore prolongation of onshore fault systems, represents the southern boundary of the unstable flank (13, 24) .
This fault is a pronounced westeast striking feature in the ba thymetry (Figs. 1 and 2C). Seismic data indicate distinct reflection characteristics on either side of the fault (fig. S1) (24) . On the basis of these observations, we deployed transponders 1 and 4 south of the fault and transponders 2, 3, and 5 north of the fault (Fig. 2C ). All transponders were in line of sight of each other, resulting in 10 base lines with distances between 144 and 1254 m. All transponders moni tored distances to all other transponders and pressures every 90 min. Periodic data upload via an acoustic link provided a continuous time series from April 2016 to July 2017.
RESULTS
For most parts of the observation period, acoustic distances between transponders remained stable within approximately 0.5 cm ( Fig. 2  and fig. S2 ). However, a significant change in distances occurred be tween 12 and 20 May 2017. Only baselines across the fault recorded the 8daylong aseismic fault motion that stands out from the back ground noise ( Fig. 2 and fig. S2 ). Relative distance changes during the May 2017 event ranged between 0.6 and −3.9 cm for different transponder pairs ( Table 1 , Fig. 2, and fig. S2 ). As expected for a dextral strikeslip fault, length changes are dependent on the angle of the baseline to the fault ( fig. S3 ). This angle can be used to deter mine true fault slip. The main uncertainty in slip results from the lack of knowledge of the exact fault trace on the seafloor. The ranging data confirm that the fault trace must run in the very narrow corridor between transponders 1 and 3 (Fig. 2C ) within a range of 5°. Taking into account all fault crossing baselines, the true slip is between 3.87 and 4.23 cm (Table 1 ). We also observe that transponders on the north side of the fault showed a downward vertical displacement of 1 cm relative to those on the south side during the May 2017 event ( Fig. 2 and fig. S4 ).
Overall, no significant changes in distances or depths occurred between transponders that were located on the same fault side ( Fig. 2 and figs. S2 to S4). We exclude the possibility of a local land slide coherently moving these transponders based on the lack of evidence for soft sediments in seismic and sediment echosounder data, as well as in seafloor samples. The observed distance changes are in all aspects consistent with rightlateral strikeslip movement sep arating transponders 2, 3, and 5 from transponders 1 and 4 ( Fig. 2C) .
Notably, the observed length change in the network of ~4 cm provides a minimum estimate of the true slip along the fault during the May 2017 event. The gross motion of the unstable flank might not have been fully captured, leading to a potential underestimation of slip. The southern boundary fault splits into several branches to ward the seafloor, as imaged in seismic data (fig. S1) (24) . The net work of transponders, however, does not span over all fault branches. Branches out of the reach of our network may have also accommo dated flank movement during the investigated time period.
A slip of 4 cm corresponds to a moment magnitude release equiv alent to a M w of 4.3 to 5.3 earthquake (26). Since the initiation of instrumental seismic recording at Etna in the 1980s, no earthquake with a magnitude larger than 4 has been observed in the area (27) . Hence, the main style of deformation of the offshore volcanic flank is episodic and aseismic sliding rather than seismic rupture.
Overall flank dynamics
Our offshore observations show that the submarine part of Mount Etna's southeastern flank moves in east and downward direction with a minimum aseismic fault slip of at least 4 and 1 cm relative subsidence, respectively (Fig. 2) . The total slip may be even larger as S6 ) data (28) shows that flank movement mainly occurred across the ATF and San Leonardello fault ( Fig. 3 and fig. S7 ) with a maximum slip of ~2 cm along each fault. The offshore flank movement was thus in the same order of magnitude as the sum of onshore fault slips for identi cal periods of time. Therefore, the offshore fault probably cumulated the slip of both the ATF and San Leonardello fault.
Gross onshore and offshore movements are kinematically con sistent ( Fig. 4) and, therefore, are expressions of the same underly ing process related to flank instability. The observed differences in fault slip mode during the observation period, i.e., continuous creep onshore and slow slip offshore, can result from variations in fault prop erties, such as temperature, fluid pressure, or fault gouge material (29), while still representing the same overall dynamics. Nevertheless, onshore deformation at Etna's unstable flank also manifests in slow slip events along the coastline, as monitored by continuous GPS (8) .
DISCUSSION
Reasons for instability of Mount Etna's southeastern flank have been related either to the volcano's magmatic plumbing system or to gravitational forces. Displacement induced by magma injection strongly decays with distance to the dyke (30) . Inflation of the vol canic edifice caused by uprising magma is expected to cause the highest displacements near the volcanic center, which is inconsistent with our data. In contrast, our geodetic measurements demonstrated that flank movement increases away from the summit toward the coast and into the Ionian Sea, while no increase in magma activity was noticed simultaneous to the May 2017 offshore event, implying that magma dynamics cannot be solely responsible for the observed deformation pattern. The comparison of onshore and offshore fault slip further suggests that offshore deformation focuses along one fault north of Catania Canyon and that strain is partitioned near the coast into two fault systems (Fig. 4 ). The observations of (i) larg est deformation away from and (ii) strain partitioning toward the summit indicate that the basal shear zone accommodating flank movement began offshore and has developed retrogressively land ward. Therefore, the forcing mechanism that controls the bulk of Mount Etna's flank movement must have its origin seaward and is separated from the volcanic edifice. Gravitational pull of the subsid ing continental margin is a potential tectonic trigger (17) .
Yet, magmatic activity also influences flank movement as episodic accelerations of onshore flank movement have been related to dyke intrusions and magma ascent repeatedly (8, 25) . Analyses of onshore seismic and ground deformation data show a clear decoupling of the shallow and deep strain regimes beneath the eastern flank at a depth of 2 km during an inflation period (31) . Inflation and dyke intrusions can thus favor episodic accelerations of flank movement in addition to largescale continuous gravitational sliding. Both pro cesses may well interact with and influence each other, as demon strated by analog models (32) .
Marine geological records off the Canary Islands document that largescale submarine flank failures occurred in multiple stages, all preceding explosive eruptions (33) . A similar pattern is recorded in sediment cores at Etna's submerged flank, where ash layers overlie landslide deposits (34) . These observations further support a close interaction of flank movement and magmatic activity. However, erup tions do not trigger catastrophic flank collapses, implying that gravi tational sliding is the governing process. Our results show that only the combination of onshore and off shore ground deformation data gives a clear picture of overall vol cano flank dynamics, from which the hazard of catastrophic flank collapse can be assessed. In the case of Mount Etna, our shoreline crossing deformation analysis implies a greater hazard for flank col lapse than previously assumed, as deepseated gravitational sliding can potentially lead to catastrophic collapse (2, 3, 16) . Onshore ground deformation analyses reveal signs of ongoing flank instability at numerous coastal and ocean island volcanoes today (35) . Volcanoes, including those in Hawaii, the Canary Islands, and La Réunion, are potentially liable to collapse, but shorelinecrossing ground defor mation analyses are needed to obtain a comprehensive view of the dynamics and constrain the hazard. Our results demonstrate both that seafloor geodetic investigations are capable of characterizing the dynamics of submerged volcanic flanks and that such investigations provide deformation data at a resolution comparable to GPS.
MATERIALS AND METHODS

Bathymetry
Bathymetric data were acquired during research vessel (RV) Meteor expedition M86/2 in 2012 with hullmounted Kongsberg Simrad EM122 and EM710 multibeam sounders. Standard data processing with MBSystem produced a grid with a cell size of 30 m by 30 m. Coastal bathymetry was acquired in the framework of the MaGIC (Marine Geohazards along the Italian Coast) project (36) .
Seafloor geodesy
The directpath acoustic ranging method provides relative posi tioning by using highprecision acoustic transponders [Sonardyne Autonomous Monitoring Transponders (AMT)]. Multiple transponders installed at the seafloor measure the time of flight of acoustic signals between them with a microsecond resolution and water sound speed, temperature, and absolute pressure. Travel time observations were converted into distances with millimetric precision. Pressure measurements provided information on vertical displacement. Dual axis inclinometers detected changes in instrument tilt. Repeated interrogations over months to years allowed the determination of displacements and, hence, deformation of the seafloor inside the network for extended periods, depending on battery capacity.
Here, we used five transponders from GEOMAR's GeoSEA array. The transponders communicated with 8ms phasecodes pulses and an 8kHz bandwidth with a centered frequency of 18 kHz. The acoustic ranges were calculated by crosscorrelation of the interroga tion and receiving signals. The AMTs logged pressure, temperature, tilt, and sound speed. The log period for each transponder was set to 90 min. We noted instability in the sound speed measurement and recalculated the sound speed using the highresolution tempera ture and pressure measurements at each transponder and assum ing a constant salinity of 34 practical salinity units (37) . We removed the tide signals from the pressure data using the data provided by the Istituto Superiore per la Protezione e la Ricerca Ambientale tide gauge in the port of Catania (www.mareografico.it). Pressure was converted to depth with the seawater density of 1024 kg/m 3 . For better com parison to the relative distance measurements obtained by acoustic telemetry, and because we are mostly interested in the relative move ment of the unstable sector compared to the stable sector, we only showed relative vertical displacement between transponder pairs. These were obtained by subtracting the time series recorded by one transponder from that of another transponder.
The autonomous monitoring transponders were located at the outcrop of a fault at the seafloor. Locations for individual transponders were chosen on the basis of a closely spaced highresolution two dimensional (2D) seismic survey and swath bathymetric data. The network design ensures that at least two AMTs sit at each side of the fault and are in acoustic sight of each other. The AMTs were mounted on anchored buoyancy bodies. The deployed trapezeshaped setup results in 10 monitored baselines. Besides transponder 1, all baselines were recorded in two directions (forward and backward measure ments), resulting in six bidirectional baselines and four unidirec tional baselines. Distances for forward (for example, measuring the travel time from AMT 1 to 2 and return) and backward measure ments (measuring from AMT 2 to 1 and return) closely agree for all transponder pairs.
We deployed the transponders in April 2016 during RV Poseidon expedition POS496 at meter precision using ultrashort baseline acoustic positioning in water depths of 950 to 1180 m. Data stored in each sta tion were uploaded from the seafloor to the surface with an acoustic modem.
Onshore geodesy
We processed and integrated the onshore data covering the same period as the offshore data acquisitions to compare the results and extend the information about the deformation measured by the sea floor network. GPS data collected during the first week of April 2016 and the last week of July 2017 were processed separately by using the usual approach adopted for geodetic surveys (38) to obtain the most precise coordinates of each station at the two periods. Thus, the 3D displacements at the GPS stations from April 2016 to July 2017 were obtained by comparing the two sets of coordinates. The Sentinel1A ascending (31 March 2016 and 30 July 2017) and descending (6 April 2016 and 30 July 2017) data were processed by GAMMA software, using the socalled twopass interferome try (39) to generate the interferometric products. A spectral diversity method was used to coregister the Sentinel1 pairs to obtain an ex tremely high precision (<0.01 pixel). The result of this processing is the ground displacement along the Line Of Sight (LOS) across the entire area. To derive the 3D surface motion maps, we integrated GPS and DInSAR displacements by applying the SISTEM method (28) . A linear matrix equation accounts for both GPS and DInSAR data, the solution of which provides the strain tensor, the displacement field, and the rigid body rotation tensor throughout the entire investigated area.
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